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— spectroscopy (SIMS) profiles show that the projected range in- 
creases with implant energy and reaches 1.1 um at 1.2 MeV. Electron 
concentration profiles measured on nm implanted at 1 MeV show a 
peak electron concentration of 2.2x1017/cm) for 1.5x1013 at, fem? fluence 
and 1,0x1018/cm) for 1.5x1015 at./cm? fluence. Van der Pauw measure- 
ments on l-MeV implanted samples show a ——— of about 4000 cm?/V-s 
and an activation efficiency of *74X for 1,5x1013 at./cm2 fluence. 

(bY Me have analyzed the profiles and range statistics of 2851- 
implanted GaAs with energies of up to 1.2 MeV using SIMS,, A curve- 
fitting technique, involving the calculation of the fírst four moments 
from experimental data, was used to approximate measured profiles. Based 
on SIMS data, uniformly doped 2851 profiles >l um deep have been pro- 
duced in GaAs using multiple implants. 

(c) We have investigated laser-annealing of high-dose Sí-implanted 
GaAs using both a high-power Nd:glass laser and a ruby laser., Electrical 

of high-dose, low-energy («300 keV) implanted samples are 

higher in laser-annealed sampies than for those thermally 

Ohmic contacts formed onto laser-annealed samples without 
alloying have been demonstrated. The surface morphology of laser- 
annealed samples has been briefly studied by SEM and Nomarski techniques. 

(d*Optical absorption in Si-implanted GaAs wafers irradiated with 
high-power Nd:glass laser pulses has been studied, Measurements show 
that implantation-enhanced absorption at a given infrared wavelength 
increases with implant dose. This enhanced absorption (s greatly reduced 
following annealing due to lattice reordering. 

(e)eImpurity distribution in as-implanted, thermally annealed, and 


laser-annealed samples has been investigated by SIMS. The amount of 
impurity redistribution depends on energy and dose of implantation and 
the energy density of the annealing laser pulse, Substantial impurity 
broadening was observed in the high-dose implanted samples irradiated 
ith a hígh-caergy-density (^2 J/cm?) pulse. Anomalous "shoulder broad- 
ing" effect vas also observed in the SIMS profile of thermally annealed 
high-dose Si-implanted EA 


0۸ Investigation of „M implantations in GaAs at the low-implant 
ergy (<300 keV) shows that the electron concentration attained has an 
pper limit at the high-dose region and a lower limit at the low-dose 
egion following thermal annealing. A "cutoff" fluence of about 
x1012 at./cm2 at 200 keV was observed for most GaAs substrates used. A 
apless thermal annealing process was used ín most of our studies. This 
al is carried out under arsenic overpressure which prevents decom- 
position of GaAs and results in good surface morphology. 
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SECTION I 


INTRODUCTION 


This program is aimed at the study of high-energy ion implantation of i 
donors into GaAs for multigigbit-rate integrated-circuit (IC) development, | 
and the use of high-power lasers for annealing implanted GaAs layers. GaAs 

ICs require the selective definition of n-layers in semi-insulating (SI) GaAs 

for the fabrication of active devices such as TELDs, FETs, and Schottky-barrier 


diodes. [n order to fabricate such device elements, a capability for realizing 


16 18 --3 


n-layers with doping ranging from 10 to 5x10 Cm ` and thicknesses from 1 to 


0.15 ym is required. This implies that we must investigate both implantation 
of donors with energies ranging from about 100 to 2000 keV and the subsequent 
annealing process to activate the implants and remove the associated lattice 
damage. 

One of the major problems of ion implantation into GaAs is that the mate- 
rial begins to dissociate at the commonly used anneal temperatures which are 
in the 800 to 1000°C range. In order to prevent problems associated with dis- 
sociation, 1t 18 common practice either to use an encapsulant such as $10,, 
SAN, AIN, etc. or to use a controlled atmosphere with As overpressure. 


34° 
Recent research has shown that it is possible to anneal post-implant damage 


using a narrow single pulse (or pulses) of laser radiation [1-5], a scanning 


1. E. I. Shtyrkov, I. B. Khaibullin, M. M. Zaripov, M. F. Galyatudinov, 
and R. M. Bayazitov, "Local Annealing of Implantation Doped Semiconductor 
Layers," Sov. Phys. Semicond. 9, 1309 (1976). 

2. S. V. Compisano, I. Catalano, G. Foti, E. Rimini, F. Eisen, and M. A. 
Nicolet, "Laser Reordering of Implanted Amorphous Layers in GaAs," Solid 
State Electron. 21, 485 (1978). 

3. R. T. Young, C. W. White, G. J. Clark, J. Narayan, W. H. Christie, 

M. Murakami, P. W. King, and S. D. Karmer, "Laser Annealing of Boron- 
Implanted Silicon," Appl. Phys. Lett. 32, 139 (1978). 

4. S. G. Liu, C. P. Wu, and C. W. Magee, “Annealing of Ion-Implanted GaAs 
with Nd:Glass Laser," presented at the Symp. on Laser-Solíd Interaction 
and Laser Processing held in Boston, MA. Nov. 28-Dec. 1, 1978. AIP Con- 
ference Proceedings No. 50, p. 603, New York, 1979. 

5. B. J. Sealy, M. H. Badavi, S. S. Kular, and K. G. Stephens, "Electrical 
Properties of Laser-Annealed Donor-Implanted GaAs," Electron. Lett. 14, 

720, (1978). 





cw laser [6], or a scanning pulsed laser [7,8{. Very high carrier concentra- 
tions have been obtained [4,5] in high-dose implanted GaAs after anneal by 
high-power pulsed laser beams. We have measured activation efficiencies in 
laser-annealed Si-implanted GaAs that are more than an order of magnitude 
higher than for samples annealed thermally. Ohmic contacts have been formed 
on laser-annealed GaAs surfaces without allcying. These results vill be de- 
scribed in Section IV, which also includes the following: the optical absorp- 
tion study in Si-implanted GaAs before and after laser irradiation, the depth 
distribution of impurity concentration with SIMS measurements, and preliminary 
studies on the surface morphology of thermal or laser annealed GaAs wafers. 

Until the inception of this program, the major effort on ion implantation 
into GaAs has been at energies less than 500 keV. Preliminary experiments on 
implants at energies of | MeV and above had shown that it is difficult to 
anneal out the lattice damage caused by high-energy implantation 

During this program, high-energy implantation of Si into SI GaAs at energy 
levels up to 1.2 MeV has been successfully demonstrated. A projected range of 
up to 1.1 ym has been measured by secondary 10n-mass spectroscopy (SIMS). Elec- 
trical activation following thermal anneal equal to or better than that for low- 
energy implantation has been obtained, Electron density profiles have been 
measured on l-um-thick GaAs layers produced by multiple-energy Si-implantation 
and also on 1-MeV single-energy-implanted GaAs layers on SI GaAs substrates. 
These results will be described in Section III. 

The implantation and annealing process and the results on Si- and S- 
implantation into GaAs substrates at energy levels below 300 keV are presented 
in Section II. A post-implantation annealing process without encapsulation 
on the wafer has been developed. The anneal is carried out under an arsenic 
overpressure which prevents decomposition of GaAs and results in an excellent 


surface morphology. 


5. A. Gat and J. F. Gibbons, "A >  r-Scanning Apparatus for Annealing of 
lon-Implantation Damage in Semiconductors,” Appl. Phys. Lett. 32, 
142 (1978). 


7. W. L. Brown, J. A. Gdovchenko, K. A. Jackson, L. C. Kimerling, H. J. 
Leamy, G. L. Miller, J. M. Poate, J. W. Rodgers, G. A. Rozgonyi, T. T. 
Sheng, T. N. C. Venkatesan, and G. K. Celler, "Laser-Annealing of lon- 
Implanted Semiconductors," Proc. on Rapid Solidification Proc. - Principles 
and Technologies, Reston, VÀ, Nov. 1977. 

B. R. Tsu, J. E. Baglin, G. J. Lasher, and J. C. Tsang, "Laser-Induced Damage 
and Recrystallization of lon-Implanted GaAs by Frequency-Doubled Nd:Yag 
Laser," AIP Conference Proceedings No. 50, p. 623, 1979 (c.f. Ref. 4). 












Van der Pauw measurements and C-V measurements have been used for evalua- 
tion of the electrically active n-layers following implantation and annealing. 
A novel Schottky diode pattern designed for the C-V measurement eliminates the 


requirement of making ohmic contacts to the GaAs surface. This method simpli- 





fies sample preparation for the electron density profile measurement using auto- 
matic profile equipment. The mobility, sheet carrier concentration, and activa- 
tion efficiency of Si- or S-implanted, thermal-annealed GaAs have been measured 


with implant fluences in the range of 2x10? to 5x10? at. /cu*. 





























SECTION 11 


LOW-ENERGY (<300-keV) IMPLANTATION IN GaAs 


INTRODUCTION 


lon implantation in GaAs has been a subject of considerable interest in 
recent years because of its potential application in the fabrication of semi- 
conductor devices: FETs, IMPATTs, Gunn devices, laser diodes, and logic cir- 
cuits. This section describes the ion implantation of sulfur and silicon into 
GaAs substrates, and the annealing process following implantation. 

To produce an n-type layer on GaAs, implantation of S, Se, Te, Si, Sn, and 
Ge have been used and have been reported previously [9-11]. Following ion im- 
plantation, an annealing step is essential to anneal out the lattice defects 
caused by the impact of high-energy impurity atoms. To prevent dissociation of 


GaAs at the surface of the wafer, the sample is usually encapsulated during the 


high-temperature annealing. Various dielectric materials such as $10, (12), 


Si. N, [13], ALLO, [14], AIN [15], the combination of SiO, and Si. N. [16], or 
ja as 2 34 


aluminum metal [17], have been used as encapsulant The annealing temperature 
varies from 800 to 11009C with dielectric encapsulation, and 700°C with Al 


encapsulation [17]. Annealing without encapsulation either in vacurz, sealed 


F. H. Eisen et al., "Sulfur, Selenium, and Tellerium Implantation in 
GaAs," Inst. Phys. Conf. Series No. 28, p. 64, 1976. 

R. K. Surridge and B. J. Sealy, "A Comparison of Sn-, Ge-, Se- and Te-ion 
implanted GaAs," J. Phys. D. 10, 911 (1977). 

J. K. Kung, R. M. Melbon, and D. H. Lee, "GaAs FETs with Silicon Implanted 
Channels," Electron. Lett. 13, 187 (1977). 

A. G. Foyt, J. P. Donnelly, and W. T. Lindley, "Efficient Doping of GaAs 


by Se’ Ion Implantation," Appl. Phys. Lett. 14, 372 (1969). 

B. M. Welch, F. H. Eisen, and J. A. Higgins, "Gallium Arsenide Field- 
Effect-Transistors by Ion Implantation," J. Appl. Phys. 45, 3685 (1974). 
W. K. Chu et al., Proc. 3rd Int. Conf. on Ion Implantation, (Plenum Press, 
New York, 1973). + 

R. D. Pashley and B. M. Welch, "Tellurium-Implanted N Layers in GaAs," 
Solid State Electron. 18, 977 (1975). 

A. Lidow and J. F. Gibbons, "A Double-Layered Encapsulant for Annealing 
lon-Implanted GaAs Up to 1100?C," Appl. Phys. Lett. 31, 158 (1977). 

B. J. Sealy and R. K. Surridge, "A New Thin Film Encapsulant for lon- 
Implanted GaAs," Thin Solid Films 26, L19 (1974). 





ampoule, or in a controlled atmosphere [18,19] has also been reported. A 
capless annealing technique different from these will be described in 
Section II.C. A more advanced annealing technique using a high-power laser 


has received considerable attention recently [1-8]. 


B. SUBSTRATES 


Chromium-doped, SI (100)-orientated GaAs substrates were used mostly for 
out ion-implantation experiments. Studies were also made for implantation into 
vapor-phase grown, high-resistivity epitaxial layers.* Semi-insulating sub- 
strates were obtained froe various sources: Laser Diode, (Metuchen, NJ), 
Morgan (Garland, TX), Sumitomo (Osaka, Japan), Mitsubishi-Monsato, and Crystal 
Specialties (Monrovia, CA). lon-implantation results depend strongly on the 
quality of the substrate material. Some substrates may convert to cither p- 
type or n-type following high-temperature annealing even in the absence of im- 
planted ions. Substrate qualification is therefore desirable prior to implan- 
tation. A normal qualification test consists of implanting the sample with 
argon or krypton, then annealing the sample at a given temperature and dura- 
tion (typically 800 to 950°C, for 15 to 30 min). A qualified semi-insulating 
substrate should show no conversion or activation following annealing. A 
less stringent test is to anneal the sample alone without prior ion bombard- 
ment Residual impurities in the substrate were reported responsible for the 
conversion mechanism. Manganese [20], for example, has been reported to be an 
impuritv responsibie for the p-conversion. 

Before ion implantation the SI substrates require careful cleaning and 


etching to produce a damage-free surface. The wafers were cleaned in organic 


*VPE layer grown by S. Jolly, RCA Laboratories, Princeton, NJ, 
Contract N00014-77-C-0542 


18. A. A. Immoralica and F. H. Eisen, “Capless Annealing of lIon-Implanted GaAs," 
App. Phys. Lett. 29, 94 (1976). 

19. D. H. Lee, R. M. Malbon, and J. M. Whelan, "Characteristics of Implanted 
N-type Profiles in GaAs Annealed in a Controlled Atmosphere," lon- 
Implantation in Semiconductors, Ed. by F. Chernow et al. (Plenum Press, 

New York, 1976). 

20. R. Zucca, "Electrical Compensation in Semi-Insulating GaAs," J. Appl. Phys. 

48, 1987 (1977). 
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solvents followed by DI-water rinsing and a 5- to 10-min etch in a solution of 
4H,S0,:1 Ħ,0,:1 H,0. The solutions were freshly mixed and cooled to room tea- 
perature. After etching the wafers vere rinsed in Dl-water (716 Moha) and spun 
dry The etching was done in a tilted rotating beaker to provide a uniformly 
etched surface. The layer removed was approximately 3 to 6 ym. In cases where 
implantation through a dielectric layer is required, the wafer surface is either 


coated with a chemical-vapor-deposited S10, layer or a reactively sputtered 


SANG layer. The layer thickness is 500 to 700 X. 


32.* 


ION IMPLANTATION OF ^5s,* AND "^s" INTO GaAs 


Low-energy ion-implantation experiments were performed in the 300-keV 
machine at RCA Laboratories Silane (SiH) was used as the source gas in 
the rf ion source for Si implantation Solid sulfur or Ħ,5 in the rf ion 
source was used for S implantation. The beam current during Si implantation 
is typically 0.1 pA for low-dose (10? to 1019 ca *) and up to 10 pA for high- 
dose (05 ca ?) implants A typical implantation at 200 keV with a dose of 
ix10!^/c.* and a beam current of 10 jA takes about 1 min The maximum beam 
current level attainable for S implantation at 200 keV is about 5 pA. Implan- 
tation was studied with fluences in the range between 1x10}? and 3x10!? at./ca’, 
and energies between 50 and 250 keV 

High-energy (7500 keV) implantations were performed using a 3-MeV Van de 
Graaff machine. Silane (SiH) was used as the source gas in the ion source for 
Si implantation The implantation energy ranged from 500 to 1200 keV. Details 


on high-energy implant will be described in Section III. 


POST-IMPLANT ANNEALING - A CAPLESS ANNEALING PROCESS 


We developed a capless annealing process [21] for ion-implanted GaAs 
wafers. The anneal is carried out at a temperature between 800 and 850°C under 
an arsenic overpressure in an open quartz tube. The arsenic overpressure was 
maintained by a constant flow of 75 mi of 7.51 AsH, in 2 liters of H. The 
introduction of AsH, differs from a previously reported capless process [18,19]. 


Under this condition the arsenic overpressure at 850°C is over two orders of 


21 To be published. 








magnitude higher than the equilibrium partial pressure. The arsenic over- 


pressure prevents decomposition of GaAs and results in an excellent surface 
morphology. 
Anneal experiments were also performed on wafers encapsulated with a 


SLN layer. A typical layer thickness was 2000 to 3000 X, and annealing 
4 layers and 


reactive-sputtered SiN, layers were tested. The plasma SiN encapsulated 


was carried out in a N, atmosphere. Both plasma-deposited SiN 


samples showed blisters following an 850°C, 30-min annealing in a N, atmos- 
phere, while samples encapsulated with sputtered SANG showed no sign of 
blistering up to 10009C and the implanted layers were properly activated with 
good surface morphology under the same annealing conditions. 

The laser annealing of ion-implanted semiconductors has been investigated 
recently [1-8] as an alternative for the thermal annealing of lattice disorders 
created by high-energy irradiation. This technique is attractive for its sim- 
plicity, potential capability of annealing small local areas, and annealing 
without encapsulation of the semiconductor surface. During this program both 
a high-power Q-switched Nd:glass laser and a ruby laser were used in the study 
of lattice reordering in Si-implanted GaAs samples [4]. Details will be de- 


scribed in Section IV 


E. CHARACTERIZATION OF IMPLANTED LAYERS 


Following implantation and annealing, the electrically active layer was 
characterized by van der Pauw measurements, which determine the Hall mobility, 
sheet carrier concentration, conductivity, and activation efficiency of the 
n-layer, and C-V measurements, which determine the depth profile of the elec- 
trically activated ion-implanted layer. Characteristics of the low-energy 


(€300 keV) Si- or S-implanted GaAs wafers are described below. 


Mobility, Carrier Concentration, and Activation Efficiency 

at Various Dose Levels 

The Hall mobility and sheet carrier concentration of the electrically 
activated ion-implanted layer were measured by the van der Pauw method [22]. 
A square or a clover-shaped mesa sample with four ohmic contacts at the corners 


22. L. J. van der Pauw, "A Method of Measuring Specific Resistivity and Mall 


Effect of Doses of Arbitrary Shape," Philips Res. Rep. 13, 1 (1958). 








of the sample was prepared for the measurement. Typical sample dimensions 
were 7x7 mm to 9.5x9.5 mm. The Hall mobility is given by 


where Rs is the Hall coefficient and Ps is the sheet resistance. The Hall 


coefficient is given by 


(2) 


where lia is the current, B is the magnetic flux density applied perpendicular 
to the surface of the sample, and Wag is the voltage change with and without 
the magnetic field. The subscript numbers correspond to the four ohmic con- 
tacts, which are numbered in sequence, either clockwise or counterclockwise, 


The sheet resistance P, is given by 


(3) 


where F is a geometrical correction factor. A relation between F and the ratio 
(4/145) to (547 1,1) is given in ref. 22. From Eq. (1), the sheet carrier 


concent ration NG can be expressed as 


where q is the electronic charge (1.6x10 Mc). 
The percentage activation efficiency for an implanted and annealed sample 


is given by 


where Ns is the fluence (in at. j) used in the implantation. 


Table 1 lists typical results on S implantation into semi-insulating sub- 
strates and into substrates with a vapor-phase epitaxially grown buffer layer. 
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phase hegh resistivitv eprtanzal layer grown on SI whstrate 


The implantations listed were for an energy level of 200 keV and a dosage level 
12 دوم‎ ۳ 2 


at./cm^. Table 2 lists results on typical Si-implanted 
samples. All the samples listed vere annealed at 825°C for 20 min using the 


between 4x10 
capless process described earlier. The mobility values are in the 3000- to 
4400- cm^/V-s range, and the activation efficiences are in the 20 to 80% range. 

The lower value of activation occurring in high-dose implanted samples is 
believed due to the solid solubility limit at the annealing temperature. The 
mobilities are generally higher (Ż4000 ca' /V-8) for implantations into a high- 
resistivity expitaxial buffer layer grown on a SI GaAs substrate, as shown in 
Tables 1 and 2. A direct implant into some substrates (e.g., sample A26, A28C) 
also gives an electron mobility of higher than 4000 ca^/V-s at the 1-2x10! / 
doping density level. 

The carrier concentration values listed in Tables | and 2 were approxi- 


mately determined ۵ 


which is an approximation to the Gaussian distribution: 


- 
NG f N(x, E)dx 


© 


where R. and AR are, respectively, the projected range and standard deviation 
of the implanted atoms. The measured sheet electron concentration values were 
used for NG in Eq. (6), and the aR, was taken as 0.08 ym at the 200-keV energy 
level, which is close to that measured by SIMS. Some data computed by Gibbons 
et al. [23] on the J^ and an, of 325 and 285, ions implanted into GaAs are re- 
produced in Table 3. 
The mobility versus carrier concentration data of S- and Si-implanted 

samples were plotted in Figs. 1 and 2, respectively. Theoretical curves [24] 
of drift mobility with different compensation ratio values are also included 


23. J. F. Gibbons et al., “Projected Range Statistics,” (Halsted Press, A 
division of John Wiley and Sons, Inc., New York, 1975). 

24. D. L. Rode and S. Knight, "Electron Mobility in GaAs," Phys. Rev. B3, 
2534 (1971). 
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TABLE 3. LSS RANGE STATISTICS OF Si AND S IMPLANTATION IN GaAs 
(From J. F. Gibbons et al. (26)) 


Si in GaAs 
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0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
0 0. 
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Figure 1. Mobility vs carrier concentration, S implanted in GaAs. 
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Figure 2. Mobility vs carrier concentration, Si implanted in GaAs. 


in the plots. Most of our experimental data points are located between a 
compensation ratio of | and 2, indicating that material quality is acceptable. 
Experimental data of carrier concentration (electrically activated) as a 

function of implantation dose are shown in Fig. 3 for S implantation into GaAs, 
and in Fig. 4 for Si implantation into GaAs. The samples were capless-annealed 
at a temperature of 825°C for 20 min. The implantation energy was 200 keV for 
all data points. Scattering of data points for different substrate materials 
is present in the plot. The data in both the Si- and S-implantation cases in- 


dicate the following features. (1) In the range of fluence between sxiolŻ and 


321017 at./ce“ for S implant, and 2.5x10!? and 2x10!? at./cm^ for Si implant, 
the carrier concentration varies approximately linearly with the fluence, 

(2) the free carrier concentration increases at a much slower rate at a high 
fluence level. This might be expected as it approaches the solubility limit. 
A thermal annealing of up to 1000°C for 20 min has been carried out as shown 
by the unfilled circle in Fig. 4. The sheet carrier concentration increases 
somewhat, but it still stays in the low increasing rate range. The high- 

temperature anneal was done in nitrogen atmosphere with samples encapsulated 


with 2000 R of sputtered Si4N,. The electrical activation is much higher ín 
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Figure 3. Carrier concentration as a function of implantation dose 
for S implantation into GaAs. 


iaser-annealed samples which vill be described in Section IV. Similar satura- 


tion effect for Se and S implantations have been reported by Donnelly [25]; 


and (3) no electrical activations were observed when the GaAs substrate was 
implanted at a low-dose level. At the implantation energy of 200 keV, a 
typical lower limit was around 2x10!? at ./cm*. Thís "cut-off" threshold 
varies with substrate material. The mechanism of this cut-off behavior is 


not fully understood at present. 


25. J. P. Donnelly, “Ion Implantation in GaAs," 1976 North American Symposium 
on GaAs and Related Compounds. 
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Figure 4. Carrier concentration as a function of implantation dose 
for Si implantation into GaAs. 
v jA Depth Distribution of Electron Concentration 


From reverse-biased capacitance versus applied voltage data on a Schottky 
diode of known area, the depth distribution of charged carriers can be computed 
from [26] 


3 -] 
-C ac 
N=- 25 (13) 
qt a’ (5) 





and 


T (14) 


26. C. 0. Thomas, D. Kahng, and R. C. Manz, “Impurity Distribution in Epitaxial 
Silicon Films," J. Electrochem. Soc. 109, 1055 (1962). 
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where C is the capacitance; V, the applied voltage; q, the electronic charge; 
t, the dielectric constant (E/E = 12.5 for GaAs); A, the area of the Schottky 
diode. The C-V data may be taken point by point on a Capacitance bridge, or 
using an automatic plotter which measures C-V and plotted N versus x on an x-y 
recorder directly. Data were measured on an automatic plotter which was cali- 
brated carefully against the point-by-point result. 

The accuracy of the C-V technique is inherently limited in reproducing a 
shallow electron density profile with a steep doping density variation [27]. 
The inaccuracy occurs particularly close to the surface and toward the tail end. 
For most of the implantations performed, the ratio of RARI is on the order of 
2 (Table 3), which means a less steep variation in doping densities as compared 
to implantations in silicon. The C-V technique thus should provide information 
around the peak of the depth distribution which is useful as a guide to device 
fabrication, 

In order to measure the carrier concentration of a thin layer on a semi- 
insulating substrate, one often forms a Schottky diode and an ohmic contact on 
the surface of the active layer. Because making ohmic contact to GaAs usually 
requires a second metallization and sintering, an alternative way simply meas- 
ures the capacitance between two circular Schottky diodes, one being forward- 
biased while the other is reverse-biased. Applying this technique, however, 
introduces an additional zero-bias capacitance connecting in series with the 


reverse-biased capacitance. This must be corrected according to 


1/6 = 3/6 + 1 (15) 
r f 


where C is the measured capacitance, c. the reverse-biased capacitance, and C, 
the forward-biased capacitance. 

A technique was developed [28] in preparing samples for C-V measurement 
which eliminates the above complexities. Figure 5 shows the patterns of 
Schottky contact made to the active implanted layer. The circular diodes are 


surrounded by large-area Schottky contacts forming a donut-shaped pattern. 


27. C. P. Wu, E. C. Douglas, and C. W. Mueller, "Limitations of the CV 
Technique for lIon-Implanted Profiles," IEEE Trans. on Electron. Devices 
22, 319 (1975). 

28. S. G. Liu, to be published. 
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Figure 5 Photograph showing patterns of Schottky contact 
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Because of the large-area Schottky contact, the capacitance C measured between 
the reverse-biased circular diode and the forward-biased Schottky contacts ap- 
proximately equals Cr. since the second term in Eq. (15) can be neglected. No 
corrections are therefore required in measured capacitance data. Samples pre- 
pared in this manner are readily adaptable to the automatic C-V profile 
equipment 

The Schottky patterns shown in Fig. 5 were easily produced by a single- 
step photolithography, followed by metallization and lift-off. Cr-Au (500-2 
Cr/1500-R Au), Ti-Pt-Au (500-À Ti/500-À Pt/1500-À Au) or Al (2000 $) metalliza- 
tion was used in forming Schottky contacts for C-V measurement. The diameter 
of the circular dots is 0.152 mm (0.006 in.) which produces a zero-bias capaci- 
tance below 30 pF for a typical implanted layer. This capacitance value is 
within the limit of the automatic C-V profile equipment. 

Figure 6 shows the carrier-concentration density profile of a Si-implanted 
sample (A49A) as measured on the automatic C-V impurity profile equipment. The 


12 2 


implantation dose and energy level are 3.5x10 " at./cm and 200 keV, respec- 


tively. 
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Figure b. Carrier concentration profile for single-energy Si implant. 


Figure 7 shows the carrier-concentration density profile of a multiple 
Si-implanted sample (A 60B) obtained from C-V measurement. The dose and 
7. 200 keV, and 


at jen’, 70 keV, which are designed to yield a nearly constant doping 


energy levels of the double implantations are 3x10'* at./cm 
1x10? 
distribution. Figure 7 demonstrates that the implantation profile can be 
controlled by using multiple implants 

The measured electron distribution of S-implanted GaAs is usually broader 
than for Si-implanted samples, and deviates from a Gaussian distribution. This 
may be attributed to a significant diffusion effect during anneal. Figure 8 
shows a measured curve with circles indicating the LSS distribution, including 
the thermal diffusion effect, normalized to match the peak of the measured 
curve. The diffusion coefficient corresponding to the 825°C anneal temperature 


was deduced from the matched curve to be 5x19"! * ca'/s. Similar measurements 


"i" cn^/s under 


on a number of samples show a range of between 2210 !^ and 5x10 


this anneal condition. This value compares favorably with those measured by 
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Figure 7. Carrier concentration profile for dual Si implant. 
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Figure A. Measured electron density distribution of S-implanted GaAs. 
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Young and Pearson [29] and Asai and Kodera [30] on solid-state S diffusion into 
bulk GaAs, but is almost an order of magnitude lower than Kendall's result [31]. 
A similar match of LSS distribution was made to the measured profile on Si- 
implanted GaAs samples, and the diffusion effect was found to be negligible. 


The corresponding diffusion coefficient is less than or equal to 10715 cn^/s. 


3. Electron Concentration and Hall Mobility Profile 


The depth distribution of carrier concentration and mobility on some 
samples were determined by the use of layer removal technique combined with 
the van der Pauw measurement 

The mobility, p, and carrier concentration density, n, corresponding to 


the i-th chemically removed GaAs layer are given respectively by [32,33] 


u — - e ~ . (16) 


1 1 
. 7 
ng (5), (^. a (17) 


s !* the sheet Hall coefficient, h the 


thickness of the chemically removed layer, q the electrical charge, and the 


where P, is the sheet resistivity, R 


lower case index i and 1-1 refer to the successive order of removed layer. 
The sheet resistivity, Pee and Hall coefficient, Re, are given, respectively, 
by Eqs. (3) and (2) 

Figure 9 shows the carrier concentration and mobility profile of a S- 
implanted sample (498) determined by the differential Hall-effect measurement. 
The sample was implanted with a dose of 19! ? at Jem? at an energy level of 


200 keV. The Cr-doped SI substrate was from Crystal Specialties. Post-implant 


20. A. B. Y. Young and G. L. Pearson, "Diffusion of Sulfur in GaP and GaAs," 
J. Phys. Chem. Solids 31, 517 (1970). 

30. S. Asai and H. Kodera, "Electrical Properties of n-type Layers in GaAs 
prepared by Solid Sulfur Diffusion," Proc. of the 4th Int. Symp., Boulder, 
Colorado, p. 130, 1972. 

11 P. L. Kendall, "Semiconductors and Semimetals," (Academic Press, New York, 
1968), Vol. IV. 

32. R. Baron, G. A. Shifrin, and O. J. Marsh, “Electrical Behavior of Group 
III and V Implanted Dopants in Silicon,” J. Appl. Phys. 40, 3702 (1969). 

33. J. W. Mayer, L. Eriksson, and J. A. Devies, "Ion Implantation in Semi- 
conductors," (Academic Press, New York, 1970), p. 193. 


20 






SAMPLE 498 
($ -IMPLANTEO ! 


200 xev, ia IO c? 


029°C. 20 MIN ANNEAL 


CARRIER CONCENTRATION (cm 7) 


ii 
p (emt / ۷-۱ 





1000 
0 0۱ 02 03 0 4 05 
x( pm) 


Figure 9. Carrier concentration and mobility profile of a 
S-implanted sample 


annealing was done at 825°C for 20 min under Ash, overpressure as described 
earlier. The profile shows a maximus carrier concentration of 2.4210!) Jem? 
which agrees with that obtained by C-V measurement. The mobility profile 
varies from 3000 ca^ /V-s at the surface to over 4000 cn^/V-s toward the SI 
substrate, which agrees with the measured effective Hall mobility of 3520 
ca /V-s for the entire implanted layer. 

The profile deduced from the C-V measurement after normalization ín car- 
rier concentration matches well with the profile messured by differential Hall- 
effect measurement. The normalized points are indicated as crosses in Fig. 9. 
Both cases are for S implantation at 200 keV but with a difference in implanted 
dosage. 

The carrier concentration and mobility profiles on two high-dose Sí- 
implanted GaAs wafers are shown in Figs. 10 and 11. The average mobility 
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Figure 10. Carri^r concentration and mobility profile of a Si- 
implanted wafer, 70 keV. 


and sheet carrier concentration of the two wafers are measured to be, respec- 


tively, 1800 ca^ /V-s and 2. 14x10! at. /cu* for sample A69, and 2120 ca' /V-s 


and 2.26110! at./ca' for sample AB2. Layers of GaAs were etched using 


H,S0, H,0,:H,0 in the ratio 1:1:50 at O°C. This gave an etch rate of 
4.4 R/s. 
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Carrier concentration end mobility profile of a Si- 
implanted wafer, 200 keV. 
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SECTION 1 
HIGH-ENERGY (UP TO 1.2 MeV) IMPLANTATION 


In this section, the progress made during the past year in obtaining and 


implanting high-energy (up to 3 MeV) ion beams will be reviewed. Beams of H 


B 
and 286; have been produced and implanted into both silicon and GaAs substrates. 
The profiles and range statistics of these implants have been analyzed using 
SIMS (secondary ion-mass spectroscopy) analysis, and based on the information 
obtained, uniformly doped 285i profiles vl jm deep have been produced in GaAs 
using multiple implants. This section discusses the production of implanted 
profiles, dopant activation analyses, and mobility measurements on implanted 


(single or multiple) and annealed GaAs wafers. 


A HIGH-ENERGY Van de GRAAFF FOR HEAVY ION IMPLANTATION 


The Van de Graaff machine used for the high-energy implant experiments was 
built by High Voltage Engineering Corp* and was originally designed to produce 
proton beams at 3 MeV and vl mA. The machine was originally equipped with a 
duo-plasmatron source and operated with a cumbersome end-station (for wafer 
implantation) attached to the 25? magnet port. 

To produce and implant heavy ion beams, two major modifications were made 
to the Van de Graaff machine. First, the duo-plasmatron source was replaced 
with a cold-cathode-discharge heavy ion source, and the cold cathode source was 
in turn replaced with a rf-excited plasma source. Both the extraction optics 
on the machine and the high operating pressures required by the available cold 
cathode source made it unusable, and hence the final selection of the rf source. 
The second major modification to the Van de Graaff machine vas the construction 
of a new beam line attached to the 15? port rather than the 25? port of the 
analyzing magnet. Using the 15? port, a mass-energy (at mass x energy in MeV) 
product of *33 could be achieved with the available analyzing magnet. The new 
beam line that was constructed contaíned x-y sweep plates and terminated in an 
end-station which holds a single wafer st a time. The implant area is 32.54 cm 
by 2.54 cm. During the implant, the normal to the vafer vas inclined at an 
angle of 7? relative to the direction of the incident beam. The vacuum in the 


*High Voltage Engineering Corp, Burlington, MA. 
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beam line and end-station during the implant was maintained in the 10-۴ 
region. 
1 


B. CALIBRATION IMPLANTS USING ig BEAĦ 


The first experiments were performed using BF, as a source gas in the ion 


11 3 


source and implanting B' ions into a silicon substrate. These conditions were 
chosen because the spectrum of BF, (i.e., the amplitude of the various ion 
components extracted from the source plotted as a function of the current in the 
analyzing magnet) is well known and has a distinctive set of 10,¢ nt peaks. 
The mass of the boron ion is also relatively small so the machine could be ex- 
ercised at higher energies. The mass-energy product (atomic mass x energy in 
MeV) for the machine is “33. Hg in silicon was also selected for the first 
tests because of the ability of SIMS analysis to readily measure the profile. 

Figure 12 shows a SIMS plot of a 1-MeV 11g implant that was made on the 
FEC* machine compared with a 60-keV Nna implant that was made on the Prince- 
ton Labs implanter. (The SIMS analysis was carried out by C. Magee.) The 
scanned area in the newly constructed beam line is 2.54 cm x 2.54 cm and all 
portions of the system performed well during the implant. 

To test the endurance of the machine for higher level implants, a series 
of implants was made at progressively higher energics as shown in the SIMS 
plots given in Fig. 13. Each implant required approximately 45 min of implant 
time using a beam current of *4 pA. These implants were carried out over a 
two-day period of essentially continuous running. Terminal overheating problems 
were experienced during these long tests, and suitable corrections were made 
to some of the cooling systems. Beas currents as high as 8 UA of us were 
obtained, but lower values were used to prevent excessive end-statíon and wafer 
heating. (At 2 MeV and B pA, the average incident power density on target is 
«2.5 V/cm.) 

The measured value of the range 2" for the series of 11g implants is given 
in Fig. 14. The value of the implant energy was calibrated by bombarding a 
lithium target with high-energy protons (obtained from the source operating 
with SiH). A resonant interaction occurs betveen the lithium target and the 


proton bean at 1.88 MeV vhich produces detectable neutrons. The machine is 


FFusion Energy Corporation, Princeton, NJ. 
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performed on the FEC Van de Graaff implanter. 


the Laboratories machine and a 1-MeV 
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Figure 14 Measured value of the range R for the series 


of jla implants. 


calibrated by comparing the reading on the machine energy dial with the occur- 
rence of neutrons being emitted from the lithium target. 


C. IMPLANTATION of ^"si* INTO GaAs 


Ys. Calibration 


Having demonstrated with و1‎ the ability of the Van de Graaff machine to 


produce heavy ion beams, the source gas was changed from BF, to Sik, and beams 


of 285,* were produced and implanted into GaAs substrates. The results of the 


first test implants made at 600 keV are shown in the SIMS plot given in Fig. 15. 


These results indicate that the magnet was properly adjusted to produce a Sí 
bean. 
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Figure 15. SIMS plot of the first 28,.* implant into a GaAs 
substrate using the Van de Graaff machine. 


The results of a series of implants made at a number of different implant 
energies ranging from 40 keV to 1.2 MeV are shown in Figs. 16 and 17. The lower 
range implants (40 to 280 keV) were performed on the implant machine located at 
the Princeton Laboratories and the higher range implants (0.7 to 1.2 MeV) were 
performed on the Van de Graaff implanter. 

Figure 18 shows a set of implants made at different dose levels. There 
is a discrepancy between the dose specified and the dose actually observed 
in the vafer. This error could be caused by inaccuracies in the dose measure- 
ment system or perhaps could be due to the implantation of EC along with 
"hu". A similar dose discrepancy has been observed in the multiple implant 
profile (described in the next section) and work is underway to resolve this 
discrepancy. 

It is evident from Fig. 17 that the profiles are not Gaussian in shape 
but are noticeably skewed toward the wafer surface. This is not unexpected for 
high-energy implants since the conventional LSS theory, which predicts Gaussian 
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Figure 16. SIMS profiles of implants made at energies of 
40, 120, 200, and 280 keV. 
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Figure 17. SIMS profiles of implants made at energies of 0.7, 0.8, 
0.9, 1.0, 1.2 MeV. 
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Figure 18. SIMS plots of 1-MeV 2861 implants made into GaAs at 
different dose levels. 


profiles, i.e., distributions with all moments greater than the second moment 

equal to zero, is known to be a low-energy approximation. A theory, developed 
by the statistician Karl Pearson [34,35] and applied to ود‎ implants into Si at 
energies up to 800 keV by Hofker [36], makes use of the first four experimental 
moments to produce fits to the observed profile data. From these calculations, 
statistical information, such as the range Rs and straggle AR,, can be obtained 


for skewed data. 


34. M. G. Kendall and A. Stuart, The Advanced Theory of Statistics, (Charles 
Griffin, London, 1958), Vol. 1, p. 148. 

35. W. P. Elderton, Frequency Curves and Correlation, (Cambridge University 
Press, 1953), 4th ed. 

36. W. K. Hofker, Implantation of Boron in Silicon, Philips Research Supple- 
ments, 1975, No. B. 








The results of curve fitting to the experimental data, based on the first 
four experimental moments, are shown in Figs. 19 to 21. Figures 19 and 20 show 
both a log and a linear plot of the experimental and calculated data using the 
formula described by Elderton [35]. Figure 21 shows a composite plot of the 


curves corresponding to the experimental data given in Fig. 17. Figure 22 


shows a reduction of the data to u^ and AR, values corresponding to LSS 


Gaussian reduction techniques and first-four-moment Pearson techniques. It 
should be noted that the crossovers of the computed curves in Fig. 21 and 

the poor fit of the computed curves to the extended tails at both the shallow 
and deep portions of the curve indicate that care must be taken to ensure that 
excessive channeling is not present. To test this hypothesis, experiments are 


planned which involve implantation into amorphized substrates. 


DEPTH tpm 
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Figure 19. Curve-fitting to experimental data, 0.7-MeV si’ 


into GaAs. 
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Figure 20 Curve-fitting to experimental data, 1.18-MeV 285, * 


into GaAs. 


The Formation of Flat Profiles of Si in GaAs 


Implant conditions have been worked out for forming *1-ym-deep layers of 
Si in GaAs with nearly constant doping throughout the layer. Five implants, 
ranging from 40 to 900 keV, are used to construct the layer. Table 4 shows 


the calculated implant conditions for achieving flat profiles at three dif- 


20 9 


ferent impurity concentration levels: 1x10 at. /ca? for sample H23, 2.5x10! 
at. Jem” for sample H24, and 1x10!? at. /ca? for sample H25. 

A comparison of the calculated plot* and the actually measured SIMS profile 
is given in Fig. 23 (log plot) and Fig. 24 (linear plot). Actual implantation 


*The calculated data were made using conventional LSS R and AR values because 
at the time of calculation, the Pearson four-moment-cubve fitsPhad not yet been 
investigated. 





> 


— — ES 


۰۸۱ ۰۷۲ ur uasAtl erep əy} 01 Sutpuodsa1105 saan jo (2۵۱4 331s0dmo) 


(et) | 


“17 1 








33 





R 

x ABSCISSA FOR DISTRIBUTION PEAK 

© CALCULATED MODE OF DISTRIBUTION 
AR, 

O '/2 -WIDTH AT 0.606 N MAX ^X 
© STO DEV OF DISTRIBUTION JP 


9 
E. 
e 


I 


— — — — — — —— 


Rp OR ARS (um) 





0 02 04 06 08 10 12 
ENERGY (Mev) 


Figure 22. Reduction of data to a, and a. values. 


TABLE 4. CALCULATED MULTIPLE IMPLANT PARAMETERS 


Ħ23 H24 H25 


Energy (keV) Dose (cm ^) Energy (keV) Dose (cm ^) Energy (keV) Dose (cm ^) 


40 4. 7210!^ 40 1.4x10!* 40 4. 7x10”? | 
120 1.35x10? 120 úx10'“ 120 1.35x1017 
280 19x10? 280 s.7x10!* 280 1.9x10'“ 
500 2.7310? 500 8.2x10!* 500 2.110! ^ 
900 4.3x10!? 900 1.3x10!? 900 4.3x10!^ 
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Figure 23. Comparison of calculated and actual SIMS profiles, log plot. 
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Figure 24. Comparison of calculated and actual SIMS profiles, linear plot. 
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data are shown in Table 5. It is evident from the plot in Fig. 24 that a dis- 
crepancy exists between the calculated profile and the actual profile produced 
by the implant machine. Figure 25 shows a plot of the “flat profile” imple- 
mented at three different dose levels. Sample H25 is a gross example of the 


dose discrepancy. 


TABLE 5. IMPLANT CONDITIONS FOR FLAT PROFILE OF Si IN GaAs 

| Energy (keV) 

| Parameter 40 120 280 500 900 

| R (um) 0.0466 0.1375 0.3195 0.5500 0.8860 
aR (um) 0.0199 0.0600 0.1050 0.1500 0.1900 
N, (c= 0947x101 — 9.0810 — 7.2310. 7.2610  9.09x10°° 

gage (09 080x105 1.3810 1910)? 2.3310 ?.— 4,3310)? 

Dose No 303.6 872.0 1227 550.2 872.6 
Scale 6E-6 6E-6 6E-6 6E-6 6E-6 


2 2 


Area = 24.29 cm Area = 7.56 cm 


(Labs eachine) (FEC machine) 
Total Dose = 1.08x101/ca' 


Conc. Level = 1.001079 ; ca? 


Steps are being taken to ensure t'at the dose measurement system functions 


more reliably. The initial system hac independent Faraday cup detectors and 8 


heated substrate holder. These are being replaced by a single Faraday cup and 


greater care is being exercised with in situ leakage measurements. 


Effort will also be focused on making sure that the component of 28 in 


the beam is negligibly small. This can be accomplished mainly by making sure 


that the components in the gas feed line in the accelerator terminal are leak- 


tight and by looking with SIMS for the presence of 14, 
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Figure 25. SIMS plots of the multiple-implant profiles formed 
using different dose levels. 


In summary, the results of the high-energy implant experiments to date 


indicate that: (1) beams of hy" can be produced at energies up to 2 MeV, and 


" 
(2) beams of 286,” can be produced at energies up to 1.2 MeV. SIMS analysis* 





has proved to be a useful tool for analyzing the results of implant experiments, 
and curve-fitting technique, involving the calculation of the first four moments 
from the experimental data, can be used to approximate the measured profiles. 


Further experiments are being planned to 


(1) investigate implants into amorphized substrates to study the amount 
of channeling occurring for 7° off-axis implants; 

(2) improve the accuracy of the dose measurement system; and 

(3) ensure that 26,° components in the incident beam are negligible. 


3. Mobility, Carrier Concentration, and Actívation Efficiency 


Following thermal annealing, the electrical characteristics of the high- 
energy implanted n-layers were evaluated by the van der Pauw measurement [22]. 


*Al] SIMS measurements vere made on unannealed samples. 
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The measuring technique was briefly described earlier. Table 6 shows the mea- 
sured sheet carrier concentration, Ny sheet resistance, Py: Hall mobility, p, 
and the activation efficiency, f, on the 1-MeV Si-implanted GaAs. The implanted 
Si doses varied between 1.5x10!? and 5x10!? at./ca'. The mobilities and acti- 
vation efficiencies obtained are either comparable to or better than those 
obtained with low-energy implantation at comparable dose levels (Table 2). 

The mobilities are in the range of 1690 ca^ /V-s for high-dose implanted samples 
to 3980 cu^ /V-s for low-dose implanted samples; the activation efficiencies are 
in the range of below 1% for high-dose implanted samples to over 73% for low- 
dose implanted samples. All the data shown in Table 6 are for samples capless- 


annealed at 825°C for 20 min. 





TABLE 6.  1-MeV Si IMPLANTATION IN GaAs 


3 e? 
Sample No Energy (keV) Dose (at /cm') NI (ce * p, (10) m (cua /V-) n (1) 
| 
15 13 
ĦIS 1000 5.0210 Y 67x10 as 2000 0.794 
| 
15 13 H 
"i6 1000 1 5a10 5 67210 65 1690 3.78 | 
14 E | 
Mi? 1000 $ 0x10 7. 33x10 49 1760 14.7 | 
Wis 1000 ۱۰0 & 62110! ! $2 2620 30.8 | 
1 
1 
"ID 1000 s 0x10!" 2.7310!" 10 110 54.2 
420 1000 15210!" 110210!" 142 1980 73.5 


The activation efficiency of heavily implanted samples increased al a 
higher annealing temperature. This result is shown in Table 7 where Si- 
implanted wafers were annealed at two different temperatures, 825 and 970°C. 
The two samples annealed at 970°C give rise to a higher activation efficiency. 
The annealing was done in a N, atmosphere with samples encapsulated with 2000- 
X-thick reactively sputtered Si4N,. Mobility and sheet resistance data mea- 
sured for samples implanted between 600 and 1200 keV at a dose level of 3x10? 
at./ce“ are summarized in Fig. 26. 

Figure 27 shows the measured sheet carrier concentration as a function 


of Si dose for samples implanted at 200 keV and 1 MeV, respectively, and 
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TABLE 7. RESULTS OF Si-IMPLANTED WAFERS AT 825 AND 970°C 


Sample - Annee! ۳ 2 
No Energy (teV) Dose (at /ca") Temp (°C) A (ce °) LA (0/0) p (em /V-s) n (1) 
825 4 16110!) 83.5 1800 1.39 
M10 900 y. 0110? 
$70 2 1310 22.2 1320 7.10 
11 
825 ) ۵ 92 1807 1.20 
Mit 1000 3.1219? 
970 1.4710 24 1554 4.74 
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Figure 26. Mobility and sheet resistance measured after thermal 


annealing for samples implanted at different high- 
energy levels. 
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Figure 27. Measured sheet carrier concentration as a function of 
Si dose for samples implanted at 200 keV and 1 MeV. 


annealed thermally at 825°C for 20 min. The 1-MeV implanted samples shoved 


à substantially higher sheet carrier concentration in the dose range of 5x10! 


to 2x10? at. /ca*. This result may be due to the fact that, at a given dose 


3 


level, the 1-MeV implant results in a lower impurity concentration distribution 
than that of the 200-keV implantation, because of its higher straggle value. 

As a result, the 1-MeV high-dose implanted samples are less limited by the 
solid solubility during the thermal annealing than the 200-keV implant samples. 
The drooping in the sheet carrier concentration at the high-dose level is not 
fully understood and is being further studied. 








4. Carrier Concentration Distribution 





The electron density profiles of high-energy implanted, thermal-annealed 
samples vere evaluated using differential C-V measurement [26] in conjunction 
with controlled layer removal by chemical etchíng. Each controlled chemical 
etching step was between 500 and 1500 ym depending on the electron densities 
of the layer being removed. Large etching steps vere used for low-density 








regions (x10? ca). Schottky-barrier diodes were formed by evaporation of 






aluminum on to the surface following each chemical etching step, and depth 






profiles were measured on automatic C-V profile equipment. 
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Figures 28 to 31 show the electron concentration distribution of Si- 


implanted semi-insulating GaAs samples measured using this technique. Figures 
28, 29, and 30 are for samples implanted at an energy level of 1 MeV, with 


fluences of 1.5x10"“, sx10!?, and 1.5210! 


at./cm*, respectively. The circu- 
lar points shown in the figures are normalized data from SIMS measurement on 
a high-dose single-implanted (1 MeV) unannealed sample (Fig. 28). Figure 31 
shows the profile of a multiple-implanted sample (H27) designed to produce a 
l-um flat profile with a maximum impurity concentration of 1x10!* at. /ca?., 
The implant parameters are therefore the same as those shown in Table 5, 
except all the fluences are two orders of magnitude lower. The samples were 
capless-annealed at 825°C for 20 min in an arsenic overpressure following 


implantation. 
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Figure 28. Electron concentration distribution, 1-۳6۷ 


Si-implanted, 1.5x10!° at./cm*. 


The shape of the profiles determined from the differential C-V measurements 
show reasonable agreement vith the SIMS measurements made on high-dose implanted 
unannealed samples (Figs. 28 and 30). The differences in range and standard 
deviation are approximately within 10% on the 1-MeV single energy implanted 
samples. The deviations between the multiple-implanted profiles determined by 


the SIMS and the C-V measurement are greater. This is expected because the C-V 
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Figure 29. Electron concentration distribution, 1-MeV, 


Si-implanted, 5x10!) at./ce“. 
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Figure 30. Electron concentration distribution, 1-MeV, 
Si-implanted, 1.5x10"* at. /cm*, 
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Figure 31. Carrier concentration of a multiple-implanted sample. 


measurement determines the electrically active carrier concentration distribution, 
while the activation efficiency varies with amount of dose and energy. A better 


match can be obtained by including the dose-and-energy-dependent activation ef- 


ficiency in the flat-profile design. 





SECTION IV 


LASER ANNEALING 


A. INTRODUCTION 


During this program we have studied annealing of Si-implanted GaAs with 
a high-power Q-switched Nd:glass laser [4] (A = 1.06 jum) and with a high-power 
Q-switched ruby laser (A = 0.694 ym). Recent research has shown that laser 
annealing is an attractive alternative to therma! annealing for removing lattice 
disorders created by high-energy implantation [1-5]. In contrast to the ruby 
laser, the photon energy of the Nd:glass laser (1.17 eV) is less than the band- 
gap of GaAs (1.4 eV at 300 K). The optical absorption at the Nd:glass laser 
wavelength is therefore strongly dependent upon the amount of impurities and 
lattice defects produced by implantation. This section describes studies made 
on as-implanted and laser-annealed samples using van der Pauw measurements, 
secondary ion-mass spectroscopy (SIMS), and optical absorption measurements. 
The results are compared with those obtained using thermal annealing. Surface 
morphology of laser-annealed GaAs layer and ohmic contacts made onto laser- 
annealed GaAs have been studied. Forming ohmic contacts onto laser-annealed 


high-dose implanted GaAs surface without alloying has been demonstrated. 


B. HIGH-POWER PULSED LASER SYSTEM 


The laser system used is the Korad Model K-1500 gigawatt laser system* 
(Fig. 32). This consists of the oscillator, the amplifier, and the Pockel 
cell unit for Q-switching the oscillator output. The oscillator ruby rod is 
10.16x0.95 cm (4x3/R in.) diameter and is wrapped around by a helical xenon 
flashlamp, which serves to optically pump the laser material and produce a 
population inversion of the chromium ions in the ruby when at least half the 
chromium ions are excited. Lasing occurs when the round-trip gain between 
parallel mirrors placed at opposite ends of the oscillator ruby rod is greater 
than unity. The Pockel cell Q-switch prevents threshold for lasing from being 
attained by effectively reducing the reflectivity of the rear cavity mirror 


to zero. This allows the ruby rod to achieve a maximum energy storage, which 


*Hadron, Inc., Korad Div., Santa Monica, CA. 
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Figure 3. High-power pulsed laser system. 


corresponds to a high value for the gain coefficient. The cell is then trig- 
gered to "insert" the cavity mirror, at which time a high cavity gain occurs. 
This results in a "giant pulse" with high power density and short pulse duration, 
typically 25 to 30 ns. This giant pulse is then further amplified by an ampli- 
fier stage. The amplifier ruby rod is 22.9x1.9 cm (9x3/4 in.) diameter and 
works by stimulated light emission triggered by the giant pulse from the 
oscillator stage and the Pockel cell. Amplification by a factor as high as 
20X can be achieved. Maximum laser output power is 1 GW/pulse at 2 pulses/min. 
At a given oscillator rod high voltage above the threshold value of 
3.98 kV, the laser output pulse width is a function of two parameters, namely, 
Q-switch shutter delay and Pockel cell bias voltage. These two parameters are 
independent of each other so that they can be optimized separately. The laser 
output pulse width was measured with a photodiode and a Tektronix* 7704 fast 
oscilloscope. The photodiode used was a silicon avalancne photodiode, type 
C30902E from RCA Electro Optics and Devices.** The rise time was specified 
to be 0.4 ns which was adequate for this application. The Tektronix 7704 


Tektronix Inc., Beavertor, OR. 
**RCA Electro Optics and Devices, Lancaster, PA. 
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oscilloscope was set up to operate in the triggered single sweep mode, and a 
camera with ultrafast Polaroid“ film (Type 410, ASA 10,000) was used to photo- 
graph the pulse. The optimum pulse shape recorded had a Gaussian distribution 
with a FWHM of 30 ns. The same laser system was modified for Nd:glass laser 
experiments with replacement of the laser rod and associated optical devices. 

The energy of the laser output pulse was measured with a Korad K-J 
Calorimeter which gives a voltage output in microvolts proportional to the 
energy of the input pulse. The proportionality constant was 0.198 J/yV 
as specified and calibrated by Korad. 

The laser output energy per pulse can be adjusted by varying the high 
voltage on the xenon lamps around the amplifier stage and/or around the oscil- 
lator stage. After firing the system for 5 or 6 times and reaching a thermal 
equilibrium in the laser rods, the output energy of the laser pulses is found 


to be reproducible to $201. 


, PULSED Nd:GLASS LASER ANNEALING 


Semi-insulating GaAs substrates of (100) orientation were implanted under 
high vacuum with 26,,° at energies between 70 and 200 keV, and fluence between 
x10 and 3x0 at jem? The wafers were polished and chemically etched 
prior to implantation as previously described Some wafers were polished on 
both sides to facilitate optical absorption studies Following implantation, 
the 0.04-cm-thick wafer was cleaved to samples approximately between 0.5 and 
2 ce“ for laser-annealing experiments 

The Nd glass laser was operated with an output energy density of between 
0.2 and 2.5 J/ca' per pulse (25 ns) The corresponding power density lies 
between 8 and 200 Mw/cm“. The diameter of the laser beam is 2 cm. The 
thermally annealed samples used for comparison were either annealed at 825°C 
for 20 min under an arsenic overpressure without encapsulation or annealed at 
temperatures up to 1000°C using samples encapsulated with a 2000-R-thick sput- 
tered SiN, layer. 

Figure 33 shows comparative results [4] of sheet carrier concentration 


density for Nd:glass laser and thermally annealed samples with implanted 28 


doses between 3×10 and 321017 at./cm'. The energy density of each laser 


*Polaroid Corp., Cambridge, MA 
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Figure 33. Comparison of thermal and laser annealing; 1.06-ym, 
25-ns single-pulse (Nd:glass) laser was used. 


pulse used in the annealing is indicated by crosses in the figure; they vary 


between 0.5 and 1.17 J/ca*. All experiments were performed vith single pulses. 


At the iow energy density level, the implanted layers are only partially 
annealed. Comparison with Fig. 25 also shows that the electrical activation 
is greatly enhanced by laser annealing for samples implanted with doses higher 
than ix10!* at / ca* The sheet carrier concentration density Nu. as determined 
by van der Pauw measurement is two-to-five times higher than that of samples 
thermally annealed at 825 or 1000?C for 20 min. The low electrical activation 
at a lower dose level for a given pulsed laser energy may be attributed to the 
reduction in enhanced optical absorption. This reduction is dependent on the 
amount of dose of the implantation as studied by the optical absorption 
measurements [4]. 

Table 8 lists some measured results on the mobility, the sheet carrier 
concentration, and the activation efficiency on Si-implanted GaAs samples an- 
nealed by a Nd:glaes laser and by thermal anneal. The fluence listed in the 
table are greater then 5110!^ at./cm'. The laser-annealed samples showed 
higher activation efficiencies. The mobility for laser-annealed samples are 
comparatively lower. For example, mobilities for laser-annealed samples are 
14 at. /cn^, and 529 
ca^ /V-s at 1.25x10!* at./ca*, compared with a mobility of 1392 ca^ /V-s, at 


2.9x1017 at. /ca' and 1881 cu^ /V-s at 2.8x10!? at. /ca* for similar samples 
annealed thermally. 


251 ca^ /V-s at a sheet carrier concentratíon of 1.91x10 





TABLE 8. COMPARISION OF THERMAL AND Nd:GLASS LASER ANNEALING DATA 


Si laplatetion Nd Glass Laser Annealing Tbermal Annealing 


Energy Energy n el 5 n 


(Rev) =?) ۲ a) (c^) (ew? vs) (A) 


0 68 


“laser plus thermal annealing, e, * 


The optical absorption in the sample was measured by spectrophotomet ry. 
The transmission through the sample and the reflection from the sample were 
measured on a Cary spectrometer in the 7000- to 12000-X wavelength range. 
The absorption at a given wavelength (e.g., 1.06 jum) is calculated by the 


expression: 


۸۵ 1 ۰ ۲ ۰ 


where A, T, and R are, respectively, absorption, transmission, and reflection 
which are all absolute values and are expressed in percentages. The enhanced 


absorption due to implantation damage is equal to A-A,, where ^o is the absorp- 


tion through the unimplanted sample At 1.06-ym نمی‎ the measured value 
of Ay was typicaliy 0.1. The reflectance was measured with reference to an 
aluminum mirror, and the absolute value is obtained through calibration. At 
1.06 ym, the reflectance of aluminum on glass is 0.862. 

Figure 34 shows the reflectance measured on an as-implanted wafer and 


on the same wafer irradiated with a Nd:glass laser pulse at an energy density 


of 0.34 jen”. Because of the enhanced absorption in the high-dose implanted 


layer, the reflection is affected only by the front (implanted) surface. Con- 
sequently, the reflectance forms a continuous line as it passes through the 
absorption edge as shown in Fig. 348. In the case of the annealed sample, 
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Figure 34. Reflectance measured on an as-implanted wafer 
(a) and after laser-annealing (b). 


restored lattice order reduces the enhanced absorption in the implanted layer. 
As a result, the reflectance spectrum forms a step (Fig. 34b) as the optical 
wavelength passes through the band edge of GaAs, because the reflection is en- 
hanced in the long wavelength range due to multiple reflection from the polished 
sample back surface. The multiple reflection dominates over the change in sur- 
face reflectivity vhich occurs as a result of implantation. 

| The transmittance through an ion-implanted sample before and after anneal- 
ing is shown in Fig. 35. The gradual increase in absorption from the long- 
wavelength side toward the absorption edge in the as-implanted sample is a 
band-tailing effect produced by impurities [6]. The transmittance at 1.06-jm 





| wavelength changes from 0.170 for the as-implanted sample to 0.457 after laser 
annesling at 0.68 J/cm. The enhanced absorption (A-A,) can be evaluated from 
l the expression given in the previous section. Figure 36 shows the measured 





| values of transmittance, reflectance, and enhanced absorption for as-implanted 
samples at different dose levels. 


Optical absorption measurements show that the implantation enhanced absorp- 
tion at a given wavelength (e.g., 1.06 um) below the bend edge increases with 
implant dose. This enhanced absorption is greatly reduced following annealing 
as a result of lattice re-ordering. Such optical measurement may thus be used 
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Figure 35. Optical transmission from Si-implanted GaAs sample 
annealed at different laser energy densities. 


as a diagnostic technique for optimizing the required laser energy while main- 


taining good surface morphology 


0 PULSED RUBY-LASER ANNEALING 


Laser-annealing experiments were also carried out using a ruby laser on 
Si-implanted (100)-orientated semi-insulating GaAs substrate. The wafers were 
implanted at 70, 100, and 200 keV, with doses ranging between ixiol' and 


1x10!* at. /ca*. The Q-switched ruby laser was operated with an output energy 
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Figure 36. Measured values of transmittance (T), reflectance (R), 
and enhanced absorption (A-A, for different dose levels. 


density of between 0.5 and 2.3 J/cm“ per 30-ns pulse. The electrical charac- 
teristics of the laser-annealed samples were studied using the van der Pauw 
measurements 

Figure 37 shows results of sheet carrier concentration densities as a 
function of the implantation dose level for samples annealed by high-power 
pulsed ruby laser, and for samples annealed thermally. The thermal annealing 
was done at 825 and 1000?C for 20 min, and the energy used for implantation 
was at 200 keV, as described previously. The energy densities used for laser 
anneal shown in Fig. 37 were 1.7 and 2.3 Sica’, which were higher than that 
plotted in Fig. 33. It is interesting to note that samples implanted at 
200 keV show higher activation efficiencies than those implanted at 70 keV, 
at the high implant dose level. This may relate to the fact that the impurity 
density in the implanted layer is higher in the 70-keV implanted sample than 
in the 200-keV implanted sample because of the smaller straggle associated 
with the 70-keV implantation. Lower activation efficiencies were observed 
with increased fluence above 5x10!* at ./cn" as shown in Fig. 37. 

The sheet carrier concentration density of up to 6.25x10!^ at./ce“ wíth 
an activation efficiency of 20.8% was measured on high-dose implanted samples. 
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Figure 37. Sheet electron concentration as a function of dose for 
ruby-laser and thermal-annealed samples. 


These results are more than an order of magnitude higher than that for similar 
samples annealed thermally. Figure 38 shows a plot of the mobilility, p, 

the activation efficiency, n, and the sheet resistance, Par for 200-keV Si- 
implanted GaAs wafers implanted with three different fluences, and followed 

by a ruby-laser irradiation at 2.3 J/cm'. Higħer activation efficiencies 

(45 to 561) and higher mobilities (930 to 1350 ca^ /V-3) were measured in 


wafers implanted at a dose level ranging from 1x10! * to 5x10! * at. /cm*. 


The 
sheet resistances are lower and show little variations when the implant dose 
is higher than about 5x10! ^ 


region shown ia Fig. 38 are typically 4 to 5 times lower than similar thermally 


at./cal. The sheet resistances at the high-dose 


annealed wafers. The lowest sheet resistance obtained was 20.8 N/O, which was 


$ at./cm*, and an- 


measured on samples implanted at 70 keV with a dose of 3x10! 
nealed by ruby laser irradiation at 2.3 Sica’. 
The electrical characteristics of ion-implanted laser-annealed samples 


depend on the implantation energy and fluence, and the energy density of the 
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Figure 38. Mobility (p), activation efficiency (n), and sheet 
resistance (P,) as a function of dose. 


laser irradiation on the sample surface. Figure 39 shows the measured mobility, 
the sheet resistance, and activation efficiency of a Si-implanted GaAs wafer 
irradiated by a ruby laser operated at different energy densities. The wafer 
was implanted at 200 keV with a fluence of sxiolt at./cm^. 

The data points indicate that the mobility and activation efficiency 
are much higher for samples irradiated at a higher surface energy density 
(1.7 to 2.3 Jia?) than that irradiated at a lower surface energy density 
(1 J/cm). The sheet resistance drops substantially from 360 (0/0 at 1 J/cm, 
to 27 N/O at 1.7 to 2.3 J/cm. The sheet resistance starts to reach the lov 
level at a laser energy density of about 1.5 J/ca* , which may be considered 
ss a threshold for full activation in this sample. 
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Figure 39. Mobility (p), activation efficiency (n), and sheet 
resistance (P,) as a function of energy density. 


UNALLOYED OHMIC CONTACTS 


The contact resistivity of ohmic contacts made onto GaAs has been reported 
to be inversely proportional to the carrier density of GaAs [37,38]. Contact 
resistivities of Au-Ge ohmic contacts on ion-implanted GaAs with different dose 
levels were studied using the TLM technique [39]. Since the laser-annealed 
heavily implanted GaAs layer shows a much higher activation than does the 


37. W. D. Edward et al., "Specific Contact Resistance of Ohmic Contacts to 
GaAs," Solid State Electron. 15, 388 (1972). 

38. Y. Goldberg and B. V. Tsarenkov, "Dependence of the Resístance of Metal 
GaAs Ohmic Contacts on the Carrier Density," Soviet Phys. Semicond. 3, 
1447 (1970). 

39. H. H. Berger, "Models for Contacts to Planar Device," Solid State Elec- 
tron. 15, 145 (1972). Also, J. Electrochem. Soc. 119, 507 (1972). 









SRA ۳ voco r e 


thermally annealed layer, one expects a superior ohmic contact. formed onto 
such @ surface 

We investigated characteristics of contacts on the laser-annealed high-dose 
(1 to 3x10? at. /ca^) Si-implanted SI GaAs wafers, and obtained encouraging 
results: ohmic contacts of low contact resistivity were formed by evaporation 
of Au-Ge/Ni/Au on to the laser-annealed surface without à subsequent. alloying 
process Normally an alloying step at 400 to 4909C is required in order to 
torm the ohmic contact Figure 40 shows the I-V characteristics between two 


unalloyed ohmic contacts Forming a good ohmic contact on GaAs without alloying 


ts obviously of great interest tor the device and the integrated circuit fabri- 





cation 

| 

| 

| 

| Figure 40 1۷ characteristics between two unalloyed ohmic contacts. 

| 

The contact resistivity and the sheet resistance of the unalloyed contacts 

were measured using the TIM technique [39]. Identical rectangular shaped ohmic 
contacts with varying spacing between them were formed on the sample surface. 

| 


The contact was made by evaporation of 900 R of Au-Ge, 300 R of Ni, and 1500 1 
of Au. The patterns were formed by photolithography and lift-off. Mesas were 
etched for isolation of the test pattern from the remaining implanted layer. 
Because no alloying step was used following evaporation, no degradations 


occurred in the metal surface and in the conductivity of the metal. 





Figure 41 shows the resistance between neighboring ohmic contacts mea- 
sured as a function of spacing. From Fig. 41 the sheet resistance of the 
laser-annealed ion-implanted layer and the contact resistivity of the ohmic 
contact are deduced to be 57.6 N/O and ۴ 


resistance checked reasonably well with that from the van der Pauw measure- 


0-94 respectively. The sheet 


ment. The sheet resistance value was also checked by using a pattern with a 
wider spacing between two rectangular-shaped ohmic contacts. The large spacing 
increases the accuracy of pa hence, the slope dR/dx, and the accuracy of the 
measurement. The dimensions of the wider spacing between the contacts, and the 


width, W, of the contacts, are 148 and 240 ym, respectively. 


O 2 4 6 
x (pm)—o 


Figure 41. Resistance between neighboring ohmic contacts as 
a function of spacing. 


SIMS MEASUREMENTS 


Impurity distribution in as-implanted, thermal-annealed, Nd:glass laser- 
annealed, and ruby laser-annealed samples have been investigated with the SIMS 


technique. Depth profiles were obtained by bombarding the samples with 5 keV 


$ ions (40,61) wħile detecting the implanted 28i atoms as a molecular ion 


10 torr) in the sample chamber 


during the analysís prevented interference from the molecular ion 71ga!6o, 


7 at mass 103. Ultrahigh vacuum (610. 


wħicħ is also at mass 103. 


40. P. Williams, R. K. Lewis, C. A. Evans, and P. R. Hanley, “Evaluation of 
a Cesium Primary Ion Source on an Ion Microprobe Mass Spectrometer," Anal. 
Chem. 49, 1399 (1977). 


41. C. W. Magee, J. Electrochem. Soc. (in press). 
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The SIMS analyses show that the amount of impurity vedistribution depends 
upon the energy and dose of implantation, and the energy density of the laser 
pulse used to anneal the sample. No redistribution occurred after irradiation 
with a low energy-density pulse, but a substantial impurity broadening was 
observed in high-dose implanted samples irradiated with a high energy-density 
pulse (<2 J/cm). The broadening is believed to be associated with a diffusion 
in the liquid GaAs created by the high-energy laser pulse. An anomslous shoulder 
broadening effect was observed in the SIMS profile, after thermal annealing, in 
Si-implanted SI GaAs with high peak impurity concentration in the implanted 
layer; the anomalous broadening is believed to be associated with the damage- 
enhanced diffusion associated with the implantation. 

Figure 42 shows the SIMS profile of a Si-implanted GaAs sample before 
and after thermal annealing (825°C, 20 min). The sample was implanted at 


200 keV with a dose of 5x10!“ at. /ca*. 


The peak impurity concentration was 
2.3x10!? at./cm'. No impuritv redistributions were observed after thermal 


annealing under these implantation conditions. 
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Figure 42. SIMS profile of a Si-implanted GaAs sample before and 
after thermal annealing, 200 keV, sx10!* at. /cu*. 








Figure 43 shows the SIMS profile of a Si-implanted GaAs sample before 


and after thermal annealing under the same conditions. The sample was implanted 


at 70 keV with a dose of 310? at./cm*. 
20 2 


3.2x10" at./cm'. A shoulder broadening effect occurred at an impurity con- 


centration of about 3x10! at./ca). The shoulder extends to a depth of 0.35 ym. 


The peak impurity concentration was 
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Figure 43. SIMS profile of a Si-implanted GzAs sample before and 


after thermal annealing, 70 keV, 3x10! ot. /ca*. 


These results are believed to be caused by damage-enhanced diffusion of 


unprecipitated silicon, similar to that being reported in Se-implanted GaAs [42]. 


42. A. Lidow, J. F. Gibbons, V. R. Deline, and C. A. Evans, Jr., "Solid 
Solubility of Selenium in GaAs as Measured by Secondary lon Mass 
Spectrometry,” App. Phys. Lett. 32, 572 (1978). 





Experiments here further demonstrated the dependence of anomalous broadening on 

the implantation conditions, which affect the degree of damage in the sample. 
Figure 44 shows the SIMS profi’: [4] of a sample implanted at 70 keV 

with a dose of 1x105 at./ca’, (peak impurity concentration ~10° at./ce“) 

before and after irradiation with a low-energy density (0.3 J/cm) pulse 

(25 ps) from a Nd:glass laser. The profile shows no redistribution in im- 

purity after irradiation with a single laser pulse up to about 1 J/cm? in 


energy density 
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Figure 44. SIMS profile of a Si-implanted GaAs sample before and 


after laser annealing, 70 keV, 1x10!? at. /cm*. 


Figure 45 shows three SIMS profiles: one is the profile of a GaAs wafer 


15 at./ce“; the other two are samples 


as-implanted at 70 keV with a dose of 3x10 
from the same wafer after being irradiated with single ruby-laser pulses at 


energy densities of 1.0 and 2.3 Sica’, respectively. A redistribution in 
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Figure 45 SIMS profiles: unannealed GaAs wafer, laser-annealed 
at ۱ J/cm“; and laser-annealed at 2.3 J/cm“. 


impurity density was observed in the laser-irradiated samples The impurity 
profile broadening associated with the short-duration (30 ns) high-energy 

laser pulse irradiation suggests that melting occurs near the surface region, 
and the substantial broadening in impurity distribution is a result of diffusion 
in liquid GaAs 


Figure 46 shows the SIMS profiles of a GaAs sample implanted at 70 keV 


with a very high dose of 1x10!* at. /ca*. The impurity density of the as- 


3 


implanted sample peaks at 1x10?! at./cm After thermal annealing (825°C, 


20 min), the impurity profile does not vary except a shoulder broadening oc- 
curs at an impurity concentration of 2x10? at. /ca?.. After irradiation with a 
2 3-J/ca* ruby-laser pulse, the peak impurity concentration drops by an order 


of magnitude to about 1x107? at./ca’, and the impurity penetrates to a depth of 


about 0.8 ym. The deeper penetration depth associated with the higher impurity 
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Figure 46. SIMS profiles: unannealed, thermal-annealed, 
laser-annealed samples. 


concentration further suggests the occurrence of diffusion in the melted GaAs 


surface layer. 


6. SURFACE MORPHOLOGY STUDY 


SEM photographs of samples irradiated with high energy-density pulse 
(2.3 j/ea') shows no structures detectable on the surface microscopically at 
20K magnification, (Fig. 47b) although the sample surface visually appears 
wavy. A Nomarski interference contrast micrograph (Fig. 47a) shows an uneven 
rippled surface. These results suggest that melting and epitaxial regrowth are 
associated with annealing of GaAs by high energy-density laser pulse. Similar 
ripples (7) were observed on laser-annealed silicon surfaces, and it was sug- 
gested that the ripple formation occurs when the melting threshold is periodi- 
cally exceeded. Examination of high-dose implanted GaAs samples irradiated 
with a laser pulse of 1 J/cw? SEM reveals a fine structure (Fig. 48b) on the 
surface which does not appear on the as-ímplanted (Fíg. 48a) sample. The 
various observed surface conditions created by different laser energy densities 
are being further investigated. 
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Figure 4? (a) Nomarski interference contrast Ruby= laser 


1 
anneal (2.3 J/cm") sample. (b) SEM of same sample 
at 20K magnification. 
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SEM photographs (a) As-implanted sample at 20K 


magnification (bj Ruby-laser-annealed sample at 
3 
cm“ energy density (20K magnification). 
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SECTION V 


SUMMARY AND CONCLUSIONS 


This program was aimed at two major areas. High-energy implantation of 


donors into GaAs and the use of high-power lasers for annealing implanted GaAs 


layers were investigated. We have made significant progress in both areas. 


The progress made in these and related areas is summarized below. 


(a) 


(b) 


(c) 


(d) 


We have investigated implantation of 20 


Si“ into SI GaAs up to an im- 
plant energy level of 1.2 MeV. A corresponding range of 1.1 jm was 
measured by SIMS. The electrical activation and mobility following 
thermal annealing are comparable to or higher than (depending on 
implant parameters) that of thermally annealed low-energy (50 to 
250 keV) implanted samples. A higher activation was observed in 
1-MeV Si-implanted GaAs than in the 200-keV implants in the high 
dose region (o to 1015 at./ca'). The electron densitv profiles 
measured on the 1-MeV implants showed a reasonable agreement with 
the normalized SIMS profile. 

We have been studying the profiles and range statistics of 285i 
implanted GaAs with implant energies of up to 1.2 MeV using SIMS 
analysis, and based on the information obtained, uniformly doped 
28, i profiles V) jm deep have been produced in GaAs using multiple 
implants After thermal annealing the measured electron density 
distribution confirms the | jm depth with an average electron density 
of *5x10!7 at ico? 

We have been investigating laser annealing of high-dose Si-implanted 
GaAs using high-power pulsed Nd:glass laser and ruby laser. Elec- 
trical activation of high-dose, low-energy implanted samples are 
many times higher in laser-annealed samples than for those thermally 
annealed. Ohmic contacts formed onto laser-annealed samples without 
alloying have been demonstrated. 

Optical absorption has been studied in Si-implanted GaAs wafers ir- 
radiated with high-power Nd:glass laser pulses. Measurements show 
that the implant-enhanced absorption at a given infrared wavelength 


increases with implant dose. The enhanced absorption is greatly 





reduced following annealing as a result of lattice reordering. 





(e) 





Impurity distribution in as-implanted, thermal-annealed, and laser- 


annealed samples have been investigated by SIMS analysis. The 
amount of impurity redistribution depends upon the energy and dose 
of implantation, and the energy density of the laser pulse used to 
anneal the sample. A substantial impurity broadening was observed 
in the high-dose implanted samples irradiated with a high energy- 
density (<2 J/cm') pulse. The broadening is believed to be associ- 
ated with a diffusion in the liquid GaAs created by the high- 
energy laser pulse. An uneven ripple observed on such a surface 
using a Normarski interference contract micrograph indicated the 
occurrence of melting at the sample surface. 

An anomalous “shoulder broadening” effect was observed in the 
SIMS profile after thermal annealing in Si-implanted SI GaAs with a 
high peak impurity concentration in the implanted layer; the anomalous 
broadening is believed to be associated with the damage-enhanced dif- 
fusion associated with the heavy implantation. 


28, * M 


Investigation of and implants in GaAs at the low implant 


energy (<300 keV) shows that the carrier concentrations are limited 


! following the 825°C, 20 min 


thermal anneal, and limited at the low dose to about 5x10!9/ca. A 


"cutoff" fluence of about 2x101 at./ca*, at 200-keV implant was ob- 


at the high dose to about 3x10! 9 sce 


served in most GaAs substrates used for implant. The diffusion co- 


l4 


efficient at the annealing temperature was 2 to 5x10" ce“ /s for 


S in GaAs, and less than ^ 10719 cm/s for Si in GaAs. A capless 
thermal annealing process was used for ion-implanted GaAs wafers. 


The anneal is carried out under an arsenic overpressure which pre- 





vents decomposition of GaAs and results in good surface morphology. 
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